We found that naturally occurring tetracycline resistance in streptococci is encoded by more than one genetic determinant. Two of these distinct determinants were cloned, and the regions that are necessary and sufficient for expression of tetracycline resistance were defined by deletion analysis. These cloned determinants were further characterized by DNA-DNA hybridization experiments which also identified a third genetically unrelated tetracycline resistance determinant. Some of these genetic differences appear to represent mechanistic differences. The tetL determinant was associated with small nonconjugative plasmids and mediated resistance to tetracycline. The tetM determinant was most often "nonplasmid" associated and mediated resistance to minocycline as well as tetracycline. The tetN determinant was represented on a large conjugative plasmid and was genetically distinct from tetL and tetM, although phenotypically it resembled tetM.
Resistance to tetracycline occurs at high frequency among clinical isolates of both grampositive and gram-negative bacteria. The mechanism and genetics of tetracycline resistance-have not been studied in streptococci (including S. pneumoniae), although the overwhelming majority of clinical isolates are tetracycline resistant. Although tetracycline resistance in gram-negative bacteria is predominantly plasmid mediated, this does not appear to be the case among clinical isolates of streptococci (2, 19) . For example, in surveys of tetracycline-resistant group B streptococci and oral streptococci, the majority of isolates tested do not contain any detectable plasmid, although conjugal transfer of tetracycline resistance from some of these strains has been demonstrated by several laboratories (20, 37) . Plasmid-mediated tetracycline resistance occurs in these organisms since tetracycline resistance plasmids have been isolated from group B streptococci (2) as well as from S. faecalis (6, 11, 22, 40) .
We describe here an initial genetic analysis of plasmid-and "nonplasmid"-mediated tetracycline resistance in streptococci. The term nonplasmid will be used to designate tetracycline resistance determinants where tetracycline resistance plasmids have not been demonstrated, although the existence of plasmids cannot be excluded. To facilitate this analysis, we successfully cloned one plasmid and one nonplasmid resistance determinant into Escherichia coli. This work demonstrates the presence of three genetically unrelated tetracycline resistance determinants in streptococci, all of which are distinct from those characterized in other grampositive and gram-negative organisms. In addition to genetic dissimilarities, mechanistic differences were identified based on the susceptibilities to the lipophilic tetracyclines minocycline and chelocardin. ed horse serum. Resistance levels were determined by using serial dilutions of antibiotic (42) and cells grown in antibiotic medium 3 (Difco).
DNA isolation. Plasmid DNA from E. coli and Streptococcus spp. was isolated as previously described (2, 18) . Briefly, spheroplasts were lysed by the addition of sodium dodecyl sulfate (SDS) to 1Cc, followed by precipitation of bulk cellular DNA by I M NaCI at 0°C. In some cases, DNA was purified by centrifugation in CsCI ethidium bromide density gradients. Alternatively, a rapid procedure for isolation of plasmid DNA from E. coli (1) was used to detect plasmids from transformants. This procedure facilitated restriction analysis of deletion mutants.
Cellular DNA from streptococci was isolated from 100 ml of overnight cultures grown in brain heart infusion broth containing 6.5 mM cysteine and 20 mM DL-threonine. Cells were washed in 10 mM Trishydrochloride-10 mM EDTA (pH 8.0) and resuspended in 25 ml of this same buffer. After treatment with 50 mg of lysozyme for 3 h at 37°C (1 h for S. fiaecalis), the cells were centrifuged and resuspended in 8 ml of this buffer. Lysis was brought about by the addition of 1 ml of 20% SDS, and the lysate was treated with 6 mg of protease at 37°C for I h. Pneumococci were lysed with deoxycholate-SDS (35) . All lysates were gently extracted with an equal volume of chloroform-isoamyl alcohol (24:1), and the DNA was recovered from the aqueous layer by ethanol precipitation. The extraction and precipitation steps were repeated several times.
Recombinant DNA methods. Restriction endonuclease digestions were performed according to conditions recommended by the manufacturer. After cleavage, samples which were to be ligated were heat inactivated at 68°C for 10 min and slowly cooled to room temperature. T4 DNA ligase reactions contained 66 mM Tris (pH 7.6), 50 mM NaCl, 10 mM MgCl2, 0.1 mM ATP, 10 mM dithiothreitol, and 2 U of T4 DNA ligase per ml (43) . Incubation was at 12°C for 12 to 18 h (43). Bacterial alkaline phosphatase was used to remove 5'-phosphates from the linearized vehicle to prevent selfligation and to enhance ligation with the DNA to be cloned (16, 44) . BAL31 exonuclease (25) was used to order the Hincdl fragments of pJI2.
Deletions in hybrid plasmids were generated by partial digestion with Hincll, followed by heat inactivation of the endonuclease and ligation with T4 DNA ligase. E. coli transformation was performed by the method of Cohen et al. (5) or Kushner (24) . All (8) 0.5% SDS, and 50 jig of salmon sperm DNA per ml at 65°C. Hybridization was carried out at 65°C for 24 h. The transfers were washed for 1 h at 65°C in 3 x SSC, lx SSC, 0.3x SSC, and then 0.1x SSC each with 0.1% SDS. SSC contains 0.15 M NaCl and 0.015 M sodium citrate. For autoradiography, the dried filter was exposed to Kodak XR-5 film, using a Dupont Cronex Lightning Plus intensifying screen at -20°C.
RESULTS
We recently described the isolation of several tetracycline resistance plasmids (pMV120, pMV158, and pMV163) from S. agalactiae (2) which can be introduced into S. sanguis by transformation. Because of the small sizes (5,200 and 5,400 bp, respectively) and high copy numbers of pMV158 and pMV163 along with a phenotypically selectable marker, they are attractive candidates for cloning vectors. We therefore initiated experiments to elucidate some of the functionally important regions of these plasmids. In an initial analysis, we compared the pattern of DNA fragments generated by a number of restriction endonucleases and constructed detailed restriction endonuclease cleavage maps for pMV158 and pMV163. The restriction maps demonstrated that these plasmids had very little in common. Only one or two bands of similar size were seen, using several multi-hit restriction endonucleases.
To test for limited regions of homology, we analyzed pMV158, pMV163, and pAMcxl, a 6.0-megadalton tetracycline resistance plasmid previously characterized in S. faecalis (4, 11) , by using the DNA transfer method of Southern (39) . Plasmid DNAs digested with HincIl were fractionated by agarose gel electrophoresis, transferred to nitrocellulose membrane filters and hybridized with plasmid [32P]DNA prepared by nick translation. After hybridization and autoradiography, results of the type shown in Fig. 1 were obtained. When 32P-labeled pMV158 DNA (as a chimera with pVH2124 see below) was hybridized with HinclI-cut plasmid DNAs, it was found that pMV163 fragments B, D, and E and pAMal fragments A, D, and E share sequence homology with pMV158, whereas no homology with a tetracycline-sensitive deletion of pAMal (pAMalAT) was found. Reciprocal hybridizations with pMV163 and pAMoxl DNAs as probes indicated similar regions of homology (Table 2) . In heterologous reactions, hybridization was always localized to the same few bands, as shown in Fig. 1 . These data taken together with the mapping data suggested that the region of homology might be the region responsible for tetracycline resistance.
Deletion mapping. Deletion analysis was carried out to test whether the regions of homology are associated with tetracycline resistance. This was facilitated by constructing hybrids between pVH2124. These hybrids replicate and express tetracycline resistance in E. coli. and express tetracycline resistance in E. coli.
Plasmid DNAs from pMV158, pMV163, and pAMal were treated with EcoRI to generate unit-length linear molecules and ligated with EcoRI-cleaved pVH2124 DNA. Ampicillin-resistant transformants of E. coli SK1592 were tested for inability to produce colicin El, resistance to tetracycline, and the presence of extrachromosomal DNA. The majority of the transformants which were unable to produce colicin El were also resistant to tetracycline. The steptococcal plasmids alone were not able to transform E. coli recipient strains.
When plasmid DNA isolated from tetracycline-resistant transformants was characterized by using EcoRI endonuclease, a fragment corresponding to the linear vector pVH2124 was always obtained. The other EcoRI fragments from hybrid plasmids corresponded to fragments generated from the streptococcal plasmid. In the case of pAMal, tetracycline-resistant recombinant plasmids contained DNA corresponding to the EcoRI fragment B (smaller) or EcoRI fragments A plus B. For pMV158, both EcoRI fragments A plus B were cloned, although fragment A was sufficient to mediate tetracycline resistance. Upon analysis of plasmid DNAs from a number of transformants from each experiment, using different restriction endonucleases, it was found that streptococcal tetracycline resistance was expressed when the plasmid was inserted in either orientation relative to pVH2124. Plasmid DNAs isolated from transformants were able to transform E. coli to tetracycline resistance at a high frequency (about 105/ jig). Transformants thus obtained were resistant to 12.5 ,ug of tetracycline per ml. The hybrid plasmids containing intact pMV158, pMV163, and pAMotl chosen for further study were designated pVBRAl5, pVB B11, and pVB Cll, respectively.
Specific deletions of pVB Bll were generated (33) and hybridized to 32P-labeled pVB-A15. pMV158 (A), pMV163 (B), pAMol (C), and pAMolIAT (D) were digested with Hincll; pMV120 (E) and pIP614 (F) were digested with HpaI. Lane G is lambda DNA digested with EcoRI and HindIll and mixed with EcoRI-cut PVH2124. The exact sizes of the HincII fragments of pMV158, pMV163, and pAMoal are shown in Table 2 . with restriction endonuclease HinclI. Since the E. coli vector pVH2124 contains two HincIl sites, one of which is within the ,B-lactamase gene, and since pMV163 has five HincII sites, partial HincIl digests of pVBWB11 were used to transform E. coli. Two classes of transformants were characterized: those which were ampicillin resistant (retained from pVH2124) but tetracycline sensitive (lost from the pMV163 region), and tetracycline-resistant clones which were no longer ampicillin resistant. Examples of deletion plasmids derived from pVB*B11 are shown in Fig. 2 .
Plasmids from tetracycline-sensitive transformants had all lost the 860-bp fragment alone or in combination with other HincIl fragments. Tetracycline-resistant (ampicillin-sensitive) transformants all retained the 860-and 1,000-bp fragments which hybridized with the probe but loss of the 3,800-bp fusion fragment (which includes approximately 650 bp of the 780-bp fragment that "blots") did not affect expression of tetracycline resistance (this 780-bp fragment is split by the insertion of the vector at the EcoRI site of pMV163). Over 40 Tcr Aps clones were tested, and in no case was the 1,850-bp fragment lost, suggesting that this fragment may be important for the expression of tetracycline resistance and that any region of homology was too small to be seen under the hybridization conditions used. The cellular phenotype associated with a particular deletion plasmid was always confirmed by retransformation.
Deletions of pVBA15 and pVB-C11 were also generated by using HinclI and PstI. (2, 6, 11, 15, 19, 20, 22, 37, 40) . Using the cloned pMV158 plasmid (pVB-A15), the 32P-labeled probe was prepared by nick translation and hybridized with a number of other plasmid and cellular DNAs derived from other tetracyclineresistant organisms (Table 3 ). The results of these DNA-DNA hybridization tests were uniformly negative. Controls demonstrated that <0.5 copies per chromosomal equivalent of homologous plasmid was readily detectable. This analysis also indicated that the E. coli vector (pVH2124) shares no homology with any of the streptococcal DNAs tested. The streptococcal probe DNAs also failed to hybridize with any of the four tetracycline resistance determinants represented by pSC101, RP1, RA1, and R6 from E. coli (30), pT181 from S. aureus (21), or pJP3106 from B. sphaericus (J. Polak, submitted for publication). Thus, the small nonconjugative plasmids (pMV158, pMV163, and pAMotl) apparently share a novel tetracycline resistance determinant. Cloning of tetracycline resistance determinant from B109. As an initial approach to analysis of nonplasmid-mediated tetracycline resistance, we cloned a tetracycline resistance determinant from S. agalactiae B109 (20) into E. coli. Al- [20] ), MV107 (Canada [9] ), MV158, MV159, MV160 (Los Angeles [2] ), and MV206 (North Carolina [2] as a probe in Southern hybridization experiments to test for homology with cellular and plasmid DNAs. Hybridization with HinclIcleaved cellular DNAs from tetracycline-resistant strains was observed with all of the tetracycline-resistant strains tested (Fig. 5) . Despite some heterogeneity in the fragment sizes observed, all of the tetracycline-resistant strains contained fragments sharing extensive sequence homology with the 5.0-kb fragment. None of the tetracycline-resistant strains tested contained any detectable plasmid DNA (2, 19, 20) by a number of criteria. In the absence of the exact localization of the tetracycline resistance gene(s) within the 5.0-kb fragment, we cannot exclude the possibility that the homologies being observed are because of homologous sequences surrounding dissimilar tetracycline resistance genes. This seems unlikely since the plasmids pAD211 containing the conjugative transposon Tn916 and pIP614 both contain sequences in common with this determinant. There was no homology with pMV158, pMV163, or pMV120 from S. agalactiae, pT181 form S. aureus, pJP3106 from B. sphaericus, or any of the four plasmid-borne tetracycline resistance determinants from E. coli.
Since there is no currently accepted nomenclature describing determinants in this system, we designated the streptococcal tetracycline resistance determinants described in this work as tetL, tetM, and tetN. This nomenclature will hopefully avoid confusion of the streptococcal tetracycline determinants with the analogous loci of Bacillus (45) and E. coli (30) , which, in at least several cases, are genetically distinct from those described here.
A summary of all of the hybridization data is presented in Table 3 . The two probes represented by pMV158 and pJI2 specify two genetically distinct tetracycline resistance determinants and have been designated tetL and tetM. The tetracycline resistance determinant of pMV120 shares no homology with either tetL or tetM and might be designated tetN. Colony hybridization has shown that pJH1 (22) plasmids was determined in strains containing no other resistance determinant. Two patterns of resistance were detected. The small nonconjugative plasmids pMV158, pMV163, and pAM(x1 (tetL) showed resistance to 12.5 p.g of tetracycline per ml but wild-type sensitivity to minocycline (<0.1 pLg/ml) and chelocardin (3.1 jLg/ml). The nonplasmid-associated tetracycline resistance determinants tetM and pMV120 (tetN) mediated resistance to 25 to 50 jLg of tetracycline per ml, as well as to 3.1 to 6.2 jig of minocycline per ml, but were unable to provide any resistance to chelocardin. No differences in resistance levels for any of these drugs were observed between tetM-and tetN-containing strains.
The sensitivity of Streptococ cus clinical isolates to minocycline (14) and chelocardin (32) has been reported, and the overall sensitivity of our strains was comparable to those previously reported. The differences observed in susceptibility to minocycline among tetracycline-resistant strains of streptococci had not been reported previously and are reminiscent of the differences in resistance to analogs observed among tetracycline-resistant isolates of E. coli (3, 30) . DISCUSSION We defined three naturally occurring tetracycline resistance determinants (tetL, tetM, and FIG. 5 . Sequences common to the tetracycline resistance regions of pJI2 and cellular DNAs. DNA was extracted from a number of tetracycline-resistant and tetracycline-sensitive strains of streptococci. The DNAs were cut with HincII, and the cleavage products were separated on 1% agarose gels in E buffer (23) . The DNA was transferred to nitrocellulose filters (33) they all share a common resistance determinant, although strong homology with only outside (non-tet) sequences cannot yet be rigorously excluded.
Neither of the probes which were constructed contained sequences homologous to the conjugative tetracycline resistance plasmid pMV120 isolated from S. agalactiae. Analysis of this determinant (tetN) is currently under way. We have also shown that tetL and tetM of streptococci do not hybridize with tetracycline resist-ance determinants from any other organism tested to date. The ability to identify these genetic determinants will allow epidemiological studies on the spread of tetracycline resistance determinants in different populations.
In the nonstreptococcal systems which have been tested, the expression of tetracycline resistance is inducible. The basic mechanism of resistance in all these systems appears to be altered tetracycline transport (29) , although other reports differ as to whether this can account for the degree of resistance observed (27, 36) . In Streptococcus spp., resistance is expressed constitutively in strains carrying tetL, M, or N alone (2, 3; V. Burdett, unpublished data). This, together with the genetic dissimilarity of these determinants, may indicate underlying mechanistic differences in tetracycline resistance in streptococci. We are currently testing this possibility.
The expression of heterologous tetracycline resistance determinants has been demonstrated by several laboratories (12, 13, 23) . Ehrlich (13) was able to stably introduce staphylococcal resistance plasmids into Bacillus subtilus. Eccles et al. (12) and Kreft et al. (23) cloned tetracycline resistance plasmids from B. subtilus into E. coli, where the hybrids conferred less of an increase in resistance than the same hybrid in the natural host (12) .
The experiments reported here demonstrate that two genetically distinct tetracycline resistance determinants (tetL and tetM) from Streptococcus spp. can confer tetracycline resistance on E. coli. The introduction of tetL into Streptococcus spp. or E. coli increases the resistance of either host by 50-to 60-fold. On the other hand, a single tetM determinant increases the resistance level of streptococci by 250-to 500-fold, whereas in E. coli, resistance increases by only 10-fold. The reasons for these differences are not clear.
